Skeletal muscle differentiation is a precisely coordinated process, and the molecular mechanism regulating the process remains incompletely understood. Here we report the identification of serine/threonine kinase 40 (Stk40) as a novel positive regulator of skeletal myoblast differentiation in culture and fetal skeletal muscle formation in vivo. We show that the expression level of Stk40 increases during skeletal muscle differentiation. Down-regulation and overexpression of Stk40 significantly decreases and increases myogenic differentiation of C2C12 myoblasts, respectively. In vivo, the number of myofibers and expression levels of myogenic markers are reduced in the fetal muscle of Stk40 knockout mice, indicating impaired fetal skeletal muscle formation. Mechanistically, Stk40 controls the protein level of histone deacetylase 5 (HDAC5) to maintain transcriptional activities of myocyte enhancer factor 2 (MEF2), a family of transcription factor important for skeletal myogenesis. Silencing of HDAC5 expression rescues the reduced myogenic gene expression caused by Stk40 deficiency. Together, our study reveals that Stk40 is required for fetal skeletal muscle development and provides molecular insights into the control of the HDAC5-MEF2 axis in skeletal myogenesis.
Skeletal muscle differentiation is a precisely coordinated process, and the molecular mechanism regulating the process remains incompletely understood. Here we report the identification of serine/threonine kinase 40 (Stk40) as a novel positive regulator of skeletal myoblast differentiation in culture and fetal skeletal muscle formation in vivo. We show that the expression level of Stk40 increases during skeletal muscle differentiation. Down-regulation and overexpression of Stk40 significantly decreases and increases myogenic differentiation of C2C12 myoblasts, respectively. In vivo, the number of myofibers and expression levels of myogenic markers are reduced in the fetal muscle of Stk40 knockout mice, indicating impaired fetal skeletal muscle formation. Mechanistically, Stk40 controls the protein level of histone deacetylase 5 (HDAC5) to maintain transcriptional activities of myocyte enhancer factor 2 (MEF2), a family of transcription factor important for skeletal myogenesis. Silencing of HDAC5 expression rescues the reduced myogenic gene expression caused by Stk40 deficiency. Together, our study reveals that Stk40 is required for fetal skeletal muscle development and provides molecular insights into the control of the HDAC5-MEF2 axis in skeletal myogenesis.
Skeletal muscle differentiation occurs in both normal muscle development and muscle regeneration in the postnatal period. Skeletal muscle development in the mouse initiates from embryonic day 8.5/9 (E8.5/9) 3 to birth (ϳ19 days), followed by further maturation for about 2-3 weeks after birth (1, 2) . Satellite cells are responsible for the regeneration of adult skeletal muscle and undergo activation, proliferation, and terminal differentiation after injury (3) . Terminal differentiation of muscle cells during muscle development and regeneration consists of several processes, including cell cycle exit of mononucleated myoblasts, myogenic gene expression, and fusion of myocytes to multinucleated myotubes (4, 5) .
The major transcription factors modulating skeletal myogenesis are myogenic regulatory factors (MRFs), a family sharing a common basic helix-loop-helix domain. The members of the family, including MyoD, Myogenin, Myf5, and MRF4, can form heterodimers with E proteins to bind the E box sequence present in the regulatory region of skeletal muscle-specific genes (6 -8) . Notably, MyoD can convert non-muscle cells, such as mesenchymal stem cells of the C3H10T1/2 line, into myotubes (9) . Another important family of transcription factors regulating skeletal myogenesis is myocyte enhancer factor 2 (MEF2), which works as the coactivator of the MRF family to activate myogenic gene expression (10 -13) . The family of MEF2 contains four members, MEF2A, B, C, and D, in vertebrates and has a common DNA-binding MCM1, agamous, deficiens, and serum-response factor (MADS)/MEF2 domain, forming homo-and heterodimers with coactivators and corepressors as well as its own family members (11) . Muscle-specific knockout of Mef2c causes some defects in skeletal muscle development, including myofiber disarray and sarcomere disorganization (14) . Mef2a-null mice show delayed muscle regeneration (15) . Conditional triple knockout of Mef2a, c, and d in satellite cells impairs muscle regeneration (16) . Interestingly, Mef2c is the direct target of the MRF and MEF2 families. Hence, MEF2C regulates its own expression during skeletal muscle development (17) , consistent with the autoregulatory activity of Drosophila MEF2 (18) .
Numerous coactivators and corepressors of MEF2 have been reported. Class IIa histone deacetylases (HDACs), including HDAC4, 5, 7, and 9, control muscle gene expression, acting as corepressors of MEF2. Among these, cellular localization and protein levels of HDAC5 are known to influence its repressive effect on the transcriptional activity of MEF2. HDAC5 shuttles between the nucleus and cytoplasm, depending on its phosphorylation at the conserved serine residues. Calcium/calmodulindependent protein kinase phosphorylates HDAC5 at Ser-259 and Ser-498, resulting in the nuclear export of HDAC5 and, in turn, relieving its repression on MEF2 (19 -22) . Moreover, HDAC5 can be ubiquitinated and degraded by the proteasome pathway in the nucleus of C2C12 cells. MEF2 activation decreases when HDAC5 protein levels increase because of the block of proteasomes (23) , indicating that the nuclear protein level of HDAC5 negatively controls MEF2 transcriptional activity. However, the regulatory mechanism for the control of the HDAC5 level is not clearly understood.
Stk40, a putative serine/threonine kinase, can activate the Erk/MAPK pathway to induce mouse embryonic stem cell differentiation into the extraembryonic endoderm (24) . Stk40 knockout mice suffer from immature lung development and neonatal lethality at birth (25) . Besides, Stk40 represses adipogenesis through controlling the translation of CCAAT/enhancer binding proteins (C/EBP) proteins (26) . Thus, the function of Stk40 is multifarious. Here we find that the expression of Stk40 is positively related to MEF2 transcriptional activities but inversely correlated to the levels of HDAC5. Concomitantly, Stk40 is required for skeletal myogenic differentiation both in vitro and in vivo. Therefore, our study sheds light on the regulatory mechanism for the HDAC5 protein level, as well as for the MEF2 transcriptional activity and myogenesis. In addition, the findings uncover an important function of Stk40 in skeletal muscle development.
Results

Stk40 Expression Levels Increase during Skeletal Muscle
Differentiation and Regeneration-To learn about the involvement of Stk40 in skeletal myogenesis, we began with an examination of Stk40 expression patterns in both in vivo and in vitro models of skeletal muscle differentiation. First, we used the C2C12 myoblast line, a well established in vitro model for studying skeletal muscle differentiation (27) . Efficient myogenic differentiation of C2C12 myoblasts was demonstrated by the induction of myogenic transcription factors, including Myogenin and MEF2C, as well as their downstream target myosin heavy chain (MyHC) (Fig. 1A) . Simultaneously, protein expression of Stk40 significantly increased after the induction of differentiation (Fig. 1, A and B) . However, the mRNA level of Stk40 increased slightly (Fig. 1C) . Second, we examined the expression of Stk40 in developing skeletal muscle in vivo. In this regard, hind limb muscles at the fetal (E16.5 and E18.5), perinatal (postnatal day 2, P2) and adult (postnatal week 8, P8 week) stages were isolated , and P8 week embryos. Protein levels of Stk40, Myogenin, and MEF2C in the hind limb muscle at the indicated time point of muscle development were analyzed by Western blotting. GAPDH was used as a loading control. E, Protein levels of Stk40 in different tissues and organs isolated from mouse embryos at E18.5 were analyzed by Western blotting. GAPDH was used as a loading control. F, protein levels of Stk40, Myogenin, and MEF2C in TA muscle treated with CTX for 0, 3, 5, 9, and 14 days, respectively, were analyzed by Western blotting. GAPDH was used as a loading control. from C57BL/6 mice. Similar to Myogenin and MEF2C, the steady-state levels of Stk40 proteins were highest in the muscle from E16.5 embryos and gradually declined afterward (Fig. 1D) . By P8 week, little Stk40 could be detected in the muscle. Nevertheless, Stk40 was not specifically expressed in the muscle at fetal stage. It was ubiquitously expressed in various tissues and organs at E18.5, including skeletal muscle tissues such as the tongue, diaphragm, and hind limb muscle as well as the kidney, lung, heart, thymus, and so on (Fig. 1E ). In addition, the myogenic process also takes place during muscle regeneration after injury. Cardiotoxin (CTX) treatment induces the muscle degeneration and regeneration program (28) . Interestingly, expression of Stk40 was also induced during this process, in a manner similar to that of MEF2C (Fig. 1F) . These results indicate that the expression of Stk40 is developmentally regulated in the skeletal muscle and that it is potentially involved in skeletal muscle differentiation.
Stk40 Positively Regulates Skeletal Myogenic DifferentiationTo study the function of Stk40 in myogenesis, we knocked down Stk40 in C2C12 myoblasts by specific shRNA delivered via retroviral plasmids. Two independent shRNA sequences were used (Stk40 shRNA-1 and shRNA-2), and expression of either one impaired the formation of multinucleated myotubes (Fig. 2 , A and B) with a concomitant decrease in the percentage of MyHC-positive cells and expression levels of myogenic markers during the C2C12 myogenic differentiation process (Fig. 2 , C-E). The findings suggest that Stk40 might play an important role in the normal myogenic process.
We next ectopically expressed Stk40-GFP fusion proteins in C2C12 cells through retroviral transduction. Ectopically expressed Stk40-GFP protein distributed mainly in the nucleus (Fig. 2F) . Overexpression of Stk40 enhanced the myogenesis of C2C12 cells moderately, as shown by increases in the expression level of myogenic markers and the percentage of MyHCpositive cells (Fig. 2, F-H) . Thus, Stk40 could enhance myogenic differentiation of C2C12 myoblasts.
To determine whether Stk40 could have the same function in another independent cell model, we knocked down Stk40 during MyoD-mediated myogenesis in C3H10T1/2, a mesenchymal stem cell line widely utilized for the study of skeletal muscle differentiation (13, 29) . Stk40-deficient C3H10T1/2 cells displayed attenuated myogenesis, as shown by a significant reduction in the percentage of MyHC-positive cells compared with control cells on differentiation day 2 (Fig. 3, A and B) . Moreover, the protein levels of myogenic markers such as MyHC, MEF2C and Myogenin were lower in Stk40-deficient cells than in control cells (Fig. 3C) . Therefore, our results reveal that Stk40 has a pro-myogenesis role in different myogenic cell models.
Stk40 Controls Myogenesis through a Cell Cycle-and Cell
Survival-independent Mechanism-Having shown that Stk40 deficiency led to attenuated myogenesis, we explored whether Stk40 could control the cell cycle or cell survival during myogenesis. To address this question, we compared the percentage of cells in the S phase between control and Stk40-deficient C2C12 cells, as the cell cycle exit occurs at the very beginning of myoblast differentiation (4) . As shown in Fig. 4, A and B , there was no significant difference in the percentage of the S phase cells between control and Stk40-deficient cells, although a substantial reduction in the percentage of cells in the S phase was observed on differentiation day 1 for both control and Stk40-deficient cells. Moreover, mRNA levels of the cyclin-dependent kinase inhibitor p21 were comparable between the two groups (Fig. 4C) . Furthermore, protein levels of cleaved Caspase-3, a marker of cell apoptosis, were similar in control and Stk40-deficient cells, although they increased significantly on day 1 of myogenic differentiation of C2C12 myoblasts for cells of both types (Fig. 4D) . Therefore, the impaired myogenesis observed in Stk40-deficient C2C12 cells was not caused by an altered cell cycle or cell survival.
Stk40 Modulates the Level of HDAC5 Proteins during Myogenic Differentiation of C2C12
Myoblasts-To search for the molecular mechanism by which Stk40 regulates skeletal myogenesis, we investigated the regulatory role of Stk40 in the transcriptional activity of important factors modulating myogenesis. Interestingly, overexpression of Stk40 enhanced the luciferase activity of the MEF2-responsive gene reporter (3 ϫ MEF2) (Fig. 5A) , which contained three MEF2 binding sites upstream of a c-fos minimal promoter, suggesting that Stk40 might play a role in the control of MEF2 transcriptional activities.
To know how Stk40 positively modulated MEF2 activity, we examined the expression levels of HDAC5, as it is known that HDAC5 represses MEF2 activity (19) . Compared with control C2C12 cells, Stk40-deficient cells had a higher level of HDAC5 proteins during myogenic differentiation (Fig. 5B) . As expected, Stk40-deficient cells had reduced levels of the MEF2 downstream target genes MEF2C and MyHC (Figs. 2E and 5B), in line with the previous finding that higher levels of HDAC5 correspond to lower transcriptional activity of MEF2 (30) . In contrast, overexpression of Stk40 reduced the protein levels of HDAC5, accompanied by enhanced protein levels of MEF2C and MyHC on day 2 of differentiation ( Fig. 5C ), further indicating a negative regulatory role of Stk40 for HDAC5 protein levels during myogenesis.
HDAC5 carries out its suppressive effect on MEF2 transcriptional activities in the nucleus (22, 30) . Moreover, HDAC5 was reported to be phosphorylated and undergo nuclear export during myogenic differentiation (22) . Therefore, we examined whether Stk40 could modulate HDAC5 protein levels in the nucleus during myogenic differentiation of C2C12 cells. Two independent approaches were applied: one was cytoplasmic and nuclear protein fractionation and another was immunofluorescence staining. First, the efficient isolation of cytoplasmic and nuclear proteins was verified by the correct distribution of cytoplasmic GAPDH and nuclear H3 proteins, respectively. In addition, Stk40 proteins were mainly detected in the nuclear 
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extract, consistent with its nuclear location observed by confocal microscopy (Fig. 2F) . We found that Stk40 knockdown increased, whereas Stk40 overexpression decreased, HDAC5 proteins in the nuclei, respectively (Fig. 5, D and E) . Second, immunofluorescence staining showed that HDAC5 proteins mainly located in the cytoplasm on differentiation day 4 in control C2C12 cells. However, Stk40-deficient cells had evidently more HDAC5 proteins located in the nuclei than control C2C12 cells (Fig. 5F ). The results from both approaches indicate that Stk40 negatively modulates HDAC5 protein levels in the nuclei. It is worth mentioning that the level of Ser-259 phosphorylated HDAC5 proteins, mostly located in the cytoplasm, was also higher in Stk40-deficient cells (Fig. 5D) , suggesting that Stk40 might control the steady-state levels of HDAC5 proteins regardless of their subcellular localization.
HDAC5 Is an Important Factor for Stk40-controlled Myogenesis-To validate the involvement of HDAC5 in Stk40-regulated myogenesis, we examined the expression pattern of HDAC5 during C2C12 differentiation. Its protein level decreased along with myogenic differentiation (Fig. 6A) , similar to the HDAC4 expression pattern reported previously (31) . Functionally, overexpression of HDAC5 blocked myogenesis and attenuated the expression of MEF2C and MyHC on differentiation day 2 (Fig. 6, B and C) , resembling the phenotype observed in Stk40-deficient cells. Importantly, knockdown of HDAC5 reverted the reduction in MyHC protein levels caused by Stk40 deficiency (Fig. 6D) . Therefore, HDAC5 represses skeletal myogenesis and functions as an important player in Stk40-controlled myogenic differentiation. As a member of class IIa HDACs, HDAC4 has been reported to inhibit skeletal myogenesis by repressing MEF2 activity similarly as HDAC5 (22, 30, 31) . We examined whether HDAC4 was also involved in Stk40-controlled skeletal myogenesis. HDAC4 displayed a similar expression pattern as HDAC5 during the myogenic differentiation of C2C12 cells (Fig. 6, A and E) . Also, Stk40-deficient cells had a higher level of HDAC4 proteins during myogenic differentiation (Fig. 6F) . Therefore, it seems that Stk40 regulates the protein levels of both HDAC4 and HDAC5, which might both be involved in Stk40-controlled myogenesis.
Stk40 Is Required for Normal Fetal Skeletal Muscle Development-Stk40
Ϫ/Ϫ mice died at birth, which prevented us from studying its role in adult myogenesis (25) . To investigate the physiological function of Stk40 in skeletal myogenesis in vivo, we examined whether there existed some defects in fetal skeletal muscle development at E18.5. Histological immunostaining showed that the hind limb muscle tissue of Stk40 Ϫ/Ϫ mice was smaller and had fewer myofibers at E18.5, as indicated by the reduced number of Laminin-positive cells, compared with that of wild-type mice (Fig. 7, A and B) . The ratio of numbers of Laminin-positive cells to body weight was significantly decreased in Stk40 Ϫ/Ϫ mice, which suggested a specific role of Stk40 in the control of myofiber number in development. However, we did not detect any remarkable changes in the muscle pattern (Fig. 7A) . The size of each myofiber was comparable in Stk40 ϩ/ϩ and Stk40 Ϫ/Ϫ mice (Fig. 7C) , suggesting that the smaller muscle tissue mainly resulted from the fewer number of myofibers but not the smaller size of myofibers. In addition, we examined the expression level of muscle-specific markers in the hind limb muscle at E18.5. As shown in Fig. 7D , the level of the neonatal MyHC isoform was significantly decreased in Stk40 Ϫ/Ϫ mice, which was the major MyHC isoform in the fetal muscle (32) . Also, downstream targets of MEF2 such as ␣-skeletal actin (Acta1), muscle creatine kinase (MCK), and desmin were all down-regulated in Stk40 Ϫ/Ϫ muscle. These results support the notion that Stk40 is required for normal fetal skeletal muscle development.
Discussion
In this study, we show that Stk40 can positively modulate skeletal muscle differentiation. Stk40 expression levels in- creased during skeletal muscle differentiation, whereas they were down-regulated in myotubes, implying that Stk40 has a potential role in the differentiation process rather than in the maintenance or the survival of mature myotubes. Moreover, the loss-of-function and gain-of-function studies conducted in C2C12 cells suggest that Stk40 is essential for skeletal myogenesis in vitro. Stk40 had higher expression levels in developing fetal muscle and muscle tissues in regeneration after injury compared with normal adult muscle. The hind limb muscle tissue from Stk40 Ϫ/Ϫ embryos at E18.5 was smaller than that from wild-type embryos because of the reduced number of myofibers, providing in vivo evidence for the essential role of Stk40 in normal skeletal muscle differentiation. We did not investigate the role of Stk40 in muscle regeneration because of the lack of viable adult Stk40 Ϫ/Ϫ mice (25) . Nevertheless, the increased expression level of Stk40 during muscle regeneration, together with the function of Stk40 in myogenesis of C2C12 myoblasts derived from satellite cells and in fetal muscle development, implies that Stk40 might play a role in muscle regeneration as well. Identification of Stk40 as a new regulator for skeletal muscle differentiation is important for understanding how mammalian myogenesis is controlled at the molecular level.
Skeletal muscle development and regeneration are important biological processes and regulated by multiple transcription factors (2, 33) . However, how the transcriptional activities of these factors are regulated is poorly elucidated. We showed that Stk40 could control the transcriptional activity of MEF2, a family of transcription factors required for the activation of myogenic gene expression. First, Stk40 enhanced MEF2-spe-FIGURE 5. Stk40 enhances MEF2 transcriptional activity and negatively modulates the protein level of HDAC5. A, C2C12 cells were transfected with the 3 ϫ MEF2 reporter plasmid and pCMV-MEF2C together with the pMXS-Stk40 or pMXS-GFP plasmid as a control. Luciferase activity was analyzed with the dual Renilla/firefly luciferase system. Error bars represent S.D.; Student's t test; *, p Ͻ 0.05. B, protein levels of HDAC5, MyHC, Stk40, and MEF2C in control and Stk40-deficient C2C12 cells on differentiation day 2 were analyzed by Western blotting. ␣-Tubulin was used as a loading control. Ctrli, control shRNA; Stk40i, Stk40 shRNA. C, protein levels of HDAC5, MyHC, Stk40-GFP, and MEF2C in Stk40-GFP Ϫ and Stk40-GFP ϩ C2C12 cells on differentiation (Diff) days 0 and 2 were analyzed by Western blotting. ␣-Tubulin was used as a loading control. D, protein levels of Stk40, HDAC5, p-HDAC5(S259), and MEF2C in the cytoplasm (C) and nucleus (N) of control and Stk40-deficient C2C12 cells on differentiation day 2 were analyzed by Western blotting. GAPDH and H3 were used as loading controls for the cytoplasmic and nuclear proteins, respectively. E, protein levels of Stk40, HDAC5, and MEF2C in the cytoplasm and nucleus of Stk40-GFP Ϫ and Stk40-GFP ϩ C2C12 cells on differentiation day 2 were analyzed by Western blotting. GAPDH and H3 were used as loading controls for the cytoplasmic and nuclear proteins, respectively. F, immunostaining of HDAC5 (red) in control and Stk40-deficient C2C12 cells on differentiation day 4. DAPI was used to stain the nuclei (blue). Scale bars ϭ 10 m.
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cific reporter activities; second, Stk40 deficiency led to a remarkable reduction in protein levels of the MEF2 downstream targets MEF2C and MyHC. Thus, Stk40 is required for the appropriate activity of MEF2. Interestingly, further study showed that Stk40-deficient C2C12 cells had higher levels of HDAC5 proteins in both whole-cell lysate and nuclear lysate during myogenic differentiation. Consistent with the previous report that nuclear HDAC5 proteins repressed MEF2 transcriptional activity, we found that overexpression of HDAC5 disrupted myogenesis substantially and attenuated the expression of MEF2C and MyHC during C2C12 cell differentiation. We propose that Stk40 positively regulates MEF2 activities through controlling the protein level of HDAC5 in the nucleus. Indeed, we found that down-regulation of Stk40 in C2C12 cells gave rise to higher protein levels of HDAC5, which, in turn, repressed the MEF2 activity and resulted in down-regulation of MEF2 target genes as well as attenuated myogenesis. Supporting this proposal, silencing of HDAC5 partially rescued the phenotype induced by Stk40 deficiency. Our data indicate that Stk40 modulates myogenesis, at least partially, through controlling the HDAC5-MEF2 axis.
Currently, we are not clear about how Stk40 regulates the protein level of HDAC5 at a posttranscriptional level, as it did not affect the transcript level of HDAC5 (data not shown). Several studies demonstrate that class IIa HDACs are posttranscriptionally controlled (34 -36) . HDAC5 is posttranscriptionally regulated by miR-2861 during osteoblast differentiation (37) . For myogenic differentiation, miR-1, miR-206, and miR-29 target HDAC4 to promote myogenesis (31, 38) . However, whether HDAC5 is regulated by microRNA in myogenesis has not yet been elucidated. Another reported posttranscriptional regulation for HDAC5 is ubiquitination. Exogenous HDAC5 proteins can be ubiquitinated and undergo degradation in C2C12 cells (23) . In addition, previous studies showed that protein kinases such as calcium/calmodulin-dependent protein kinase could promote skeletal myogenesis and MEF2 transcriptional activity via phosphorylating HDAC5 to induce HDAC5 nuclear export (20, 30) . As Stk40 is a putative protein kinase and could control HDAC5 protein levels in the nucleus, we hypothesized that Stk40 might regulate the myogenesis of C2C12 myoblasts and MEF2 activities through enhancing nuclear export of HDAC5 proteins. Unexpectedly, the phos- shRNA. E, protein levels of HDAC4 in C2C12 cells at the indicated time points of differentiation were analyzed by Western blotting. ␣-Tubulin was used as a loading control. F, protein levels of HDAC4, HDAC5, Stk40, and MEF2C in control and Stk40-deficient C2C12 cells on differentiation day 2 were analyzed by Western blotting. ␣-Tubulin was used as a loading control.
phorylation level of HDAC5 was higher in Stk40-deficient cells than in control cells (Fig. 5D ), which might be caused by the increased whole-cell protein level of HDAC5. The result excludes the possibility that Stk40 controls the levels of nuclear HDAC5 by modulating HDAC5 nuclear export. Further investigations are needed to understand the molecular mechanisms underpinning the regulatory function of Stk40 for HDAC5 proteins.
Class IIa HDAC members are involved in many physiological processes, such as the formation of slow-twitch myofibers, regulation of cardiac hypertrophy, fibrosis, and pathological remodeling as well as cardiovascular growth and function (23, 39, 40) . They also share mechanisms in the control of development, such as skeletal myogenesis. Our study raises the possibility of involvement of Stk40 in these processes and provides new clues to explore HDAC inhibitors for therapeutic application of the related diseases.
Experimental Procedures
Animals and Muscle Regeneration-The muscle tissue was obtained from C57BL/6 mice. All animals were raised under the conditions described previously and handled according to the guidelines approved by the Shanghai Jiao Tong University School of Medicine (26) . The genotype of Stk40 ϩ/ϩ and Stk40 Ϫ/Ϫ mice was determined as described previously (26). For muscle injury, 100 l of CTX (10 M) was injected into the tibialis anterior (TA) muscle of 12-week-old C57BL/6 mice. The injected TA muscle was isolated at the indicated time point after treatment with CTX.
Cell Culture and Differentiation-C2C12 cells were cultured in DMEM supplemented with 20% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. C3H10T1/2 cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. For myogenic differentiation, after confluence, the medium of C2C12 or C3H10T1/2 cells was changed to DMEM supplemented with 2% horse serum, 1% penicillin/streptomycin and 1% L-glutamine.
Virus Package and Transduction-For Stk40 knockdown assays, shRNAs specific to Stk40 were cloned into the pSIREN plasmid. Plasmids for HDAC5 knockdown assays were purchased from the GIPZ Lentiviral Mouse shRNA Library (GE Dharmacon). The shRNA interference sequence for HDAC5 was 5Ј-CCGGGAAGGCTCTACAGAA-3Ј. The shRNA interference sequences for Stk40 were 5Ј-GGACCCATCGGATA-ACTAT-3Ј and 5Ј-TGCATACCGAGTACTCTCT-3Ј. The shRNA interference sequence for control was 5Ј-GTGCGCT-GCTGGTGCCAAC-3Ј. For overexpression assays, Stk40-GFP cDNA and HDAC5 cDNA were cloned into the pMXS plasmid. Retroviral and lentiviral packaging and transduction were performed as described previously (25) .
RNA Extraction and RT-qPCR-Whole-cell RNA was prepared using TRIzol (Invitrogen). 2 g of total RNA was used to perform reverse transcription by a Fastquant reverse kit (Tiangen). Quantitative PCR was performed on the ABI 7900 using FastStart Universal SYBR Green Master (Roche). Primers used for RT-qPCR are provided in supplemental Table 1 .
Immunoblotting-Total protein extract from C2C12 cells or muscle tissue was prepared with lysis buffer consisting of 2 mM EDTA, 0.5% Nonidet P-40, 50 mM Tris (pH 7.5), 150 mM NaCl, and 10% glycerol and quantified with the BCA kit (Pierce). Nuclear and cytoplasmic extraction reagents (Thermo) were used to isolate the nuclear and cytoplasmic proteins from C2C12 cells according to the recommendations of the manu- 
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facturer. The protein samples were further examined by Western blotting, which was conducted as described previously (26) . Antibodies used for immunoblotting in this study are provided in supplemental Table 1 .
Flow Cytometric Analysis-C12C12 cells were infected with a retrovirus containing the Stk40-GFP cDNA sequence. After 2 days of infection, the Stk40-GFP Ϫ and Stk40-GFP ϩ groups were sorted by a flow cytometer (BD Aria II).
Immunostaining-C2C12 cells cultured in 4-well plates or frozen sections of the mouse hind limb muscle at E18.5 were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked with 3% BSA for 30 min at room temperature. Incubation with primary antibodies against MyHC (MF-20) and HDAC5 for C2C12 cells as well as MyHC and Laminin for frozen sections, respectively, was conducted in 3% BSA at 4°C overnight. After washing, cells or sections were incubated with FITC-conjugated or CY3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) in 3% BSA for 1 h. Images were captured using a confocal microscope (TCS SP5, Leica Microsystems, Wetzlar, Germany).
MEF2 Luciferase Reporter Assays-The 3 ϫ MEF2-luc reporter plasmid was provided by Ron Prywes (Addgene plasmid 32967). C2C12 cells were transfected with the 3 ϫ MEF2 reporter plasmid and pCMV-MEF2C together with the pMXSStk40 or pMXS-GFP plasmid using X-tremeGENE HP DNA transfection reagent (Roche). Cell lysate was prepared after transfection for 2 days. A Dual-Luciferase reporter assay system (Promega) was used to detect the firefly and Renilla luciferase activity in the samples.
Statistical Analyses-Data were presented as the mean Ϯ S.D. from at least three independent experiments or samples. 
